Abstract Phosphorus (P) is often an important limiting factor for crop yields, but rock phosphate as fertilizer is a non-renewable resource and expected to become scarce in the future. High P input levels in agriculture have led to environmental problems. One of the ways to tackle these issues simultaneously is improving phosphorus use efficiency (PUE) of the crops through breeding. In this review, we describe plant architectural and physiological traits important for PUE. Subsequently, we discuss efficient methods of screening for PUE traits. We address targeted cultivation methods, including solid and hydroponic systems, as well as testing methods, such as image analysis systems, and biomass and photosynthesis measurements. Genetic variation for PUE traits has been assessed in many crops, and genetics of PUE has been studied by quantitative trait loci (QTL) analyses and genome-wide association study. A number of genes involved in the plant's response to low P have been characterized. These genes include transcription factors, and genes involved in signal transduction, hormonal pathways, sugar signalling, P saving metabolic pathways, and in P scavenging, including transporters and metabolites and/or ATP-ases mobilizing P in the soil. In addition, the role of microorganisms promoting PUE of plants, particularly arbuscular mycorrhizal fungi is discussed. An overview is given of methods for selecting for optimal combinations of plant and fungal genotypes, and their genetics, incl. QTLs and genes involved. In conclusion, significant progress has been made in selecting for traits for PUE, developing systems for the difficult but highly relevant root phenotyping, and in identifying QTLs and genes involved.
Introduction
Phosphorus is an essential nutrient for plant growth, but uptake from soil can be difficult and an important limiting factor in achieving optimal yields in agriculture (Smit et al. 2009 ). Even when present in the soil in higher amounts, phosphorus availability to plants is often still problematic because of the phosphatebinding capacity of several types of soil (Syers et al. 2008) . About 30 % of soil worldwide shows a high phosphate-fixing capacity, e.g. in southern China, Brazil and Sub-Saharan Africa (Kochian 2012) .
Phosphorus limitation is usually overcome by the application of Pi-containing fertilizer, but such phosphorus is basically from a non-renewable resource (Vaccari 2009 ). The primary Pi source of fertilizer is rock Pi, which is minable in only a few places in the world. A single country, Morocco, possesses 85 % of known remaining reserves. Though estimated amounts are not likely running out in the short term, rock Pi will become scarce, at least in terms of pricing due to increased demand. Analogous to developments in another non-renewable resource, oil, researchers have indicated ''peak-phosphorus'', which is expected to occur as early as around 2030 (Cordell et al. 2009 ), but other studies extend predicted P depletion to 2100 or two to three centuries beyond (Sattari et al. 2012) . Expected future scarcity is already reflected in that the US and China have stopped export for strategic reasons. China is presently the largest producer of P with 37.5 % of world production in 2010 (Sattari et al. 2014) . The Hague Centre for Strategic Studies recently pointed out that the EU is particularly vulnerable to market availability of rock Pi as it is almost entirely dependent on imports from the rest of the world (De Ridder et al. 2012 ). In addition, rock Pi quality is variable. For instance, Rock Pi can contain heavy metals such as cadmium that may accumulate in arable soils as a result of the addition of rock Pi.
On the other hand, in present intensive agriculture, the copious use of Pi, partly derived from local surpluses of manure from intensive livestock production presents a major environmental problem. It has led to emissions of phosphate to surface waters, including seas and oceans, resulting in harmful algal blooms (Ashley et al. 2011) . This problem has been tackled with some success, but for instance in the Netherlands, still half of the monitored sites show values not in line with recent EU standards. Moreover, in bringing down Pi supply, levels where Pi again may become limiting for yields may soon be reached in some crops (Russchen et al. 2012) .
There are several strategies to address the need to restrict the use of Pi and to avoid Pi depletion in the future at the same time. Pi could be recycled from various sources, e.g. waste water and manure. Pi could also be applied more efficiently by precision fertilization, e.g. using Pi amounts based on soil parameters for phosphate availability to plants or in-row application of Pi at optimal time periods, tailored to the requirements of the plants. Present estimates are that plants use only 10-25 % of applied Pi (Syers et al. 2008) , indicating that there is room for improvement.
Another approach is improving phosphorus use efficiency (PUE) of the crops themselves by genetic means, i.e. by plant breeding. Based on their soil P model, Sattari et al. (2012) indicate that in many parts of the world residual soil P from intensive fertilization in the past will contribute significantly to crop production for a considerable period of time. An increased plant capacity to use that residual P efficiently will be helpful in that.
In this review, the possibilities of breeding for PUE are explored. First, an account will be given of plant traits relevant to PUE that could be amenable to selection, most of which can be found in plant architecture and physiology. Next, the availability and development of breeding tools and strategies will be discussed: (1) efficient screening/phenotyping techniques for selection for PUE in plants, (2) the genetics of PUE, i.e. identification of QTLs and genes involved, and the possibility of applying markerassisted selection and biotechnological methods, (3) the use of mycorrhiza, which main asset is thought to be making available phosphorus to plants in exchange for carbon compounds for its own growth.
Traits important for breeding for PUE
Phosphorus is an important component of plants, particularly in energy carriers, nucleic acids and signalling pathway proteins (like protein kinases). Phosphorus is important to the energy-demanding nitrogen fixing process in leguminous crops (Vance et al. 2003) and therefore indirectly also to availability for this other often yield-limiting nutrient, nitrogen. For plants, phosphate uptake from the soil is often difficult: in alkaline soils, P is bound to calcium and in acidic soils, P is usually bound to aluminium and/or iron (Kochian et al. 2004 ), in addition, organic material present in the soil (e.g. from manure or crop debris) can also bind phosphate, in particular phytate (inositol compounds) . With the present aims of bringing down Pi fertilization levels, crops will need to mobilize residual soil phosphorus, and this may limit crop yields and thus efficient land use. For crops such as carrot, onion, several vegetables, potato and maize, the P fertilization standards for the Netherlands in the near future are expected to affect yields (Russchen et al. 2012) . Several parameters are used to measure available and mobilizable P in the soil (e.g. P-CaCl 2 and P-Olsen or a more recent variant, P-AL, respectively, see Table 1 for an overview of parameters in use). However, there is uncertainty to what extent these are representative of what can be utilized by specific plant species, particularly with regard to mobilization from organic matter.
PUE is based on a complex set of plant traits. For improving breeding success, it is important to break down this complexity into component traits that can be assessed efficiently for a particular crop species and that show consistent contributions to PUE. Moreover, these traits should preferably show an as simple as possible inheritance in order to be able to introduce PUE in elite plant material efficiently. Overall, two important basic mechanisms of PUE can be distinguished: the plant's ability to take up P from the soil and the efficiency of allocation/mobilization of P within the plant for sustaining biomass production, often referred to as external and internal PUE, respectively. Particularly for soils rich in bound P, optimizing P scavenging would be an attractive breeding aim. In the end, a balance is needed in the phosphorus cycle, that is, P uptake by harvested crops and P fertilization should be in equilibrium to avoid soil P depletion (Lynch 2007; Richardson et al. 2011) . Therefore, in the long term, internal P use efficiency, though likely more complex, would be a valuable breeding goal (Rose and Wissuwa 2012) . Also here, a balance is needed with nutritional quality in terms of P availability. For instance, in extensively used nutrientpoor grasslands in Northern Australia, P can become limiting for cattle growth (McIvor et al. 2011) . On the other hand, high concentrations of phosphorus in grains may not be needed in human and animal nutrition, the more so as long as most of the P is in an indigestible form, phytate, and thus does not contribute to direct uptake but only to waste problems by high levels of P in excrements (Rose et al. 2010) .
In the following sections, traits that have been reported to be involved in PUE are discussed for their possible value to breeding, before looking at the ways these traits could be put to use in breeding research. First, plant architectural traits will be discussed. Architectural traits that are obviously relevant to Table 1 Various parameters for assessing soil P available to plants from Russchen et al. (2012) and other references where indicated
Parameter
Method Comments P-Total Destructive method using boiling in H 2 SO 4 Too crude for assessing plant availability P-Olsen Extraction using 0.5 M NaHCO 3 at pH 8.5 Suitable for alkaline & neutral soils, indicator of P capacity (P potentially accessible to the plant, in this case P bound to Ca) P-Al 1:20 (w/w) extraction using 0.1 M ammonium lactate & 0.2 M acetic acid at pH 3.75
Indicator of P capacity (P potentially accessible to the plant) P-CAL 1:20 (w/w) extraction using 0.1 M Ca lactate, 0.1 M Ca acetate, 0.3 M acetic acid, pH 4.1
Variant of P-Al by Schüller (1969) P w 1:60 (w/w) extraction using water Indicator of a combination of P capacity and P directly available to the plant (lower reproducibility than P-Al) P-0.01 M CaCl 2 Extraction using 0.01 M CaCl 2 Indicator of P directly available to the plant Resin-P Extraction using deionised water & AER anion/CER cation strips Sequential method by Hedley et al. (1994) , step 1, indicator of inorganic P directly available to the plant NaOH-P i Extraction using 0.1 M NaOH Sequential method by Hedley et al. (1994) , step 2, indicator of inorganic P associated with positively-charged oxide surfaces NaOH-P o Extraction from NaOH-Pi fraction using conc.
Sequential method by Hedley et al. (1994) , step 3, indicator of labile (more easily accessible) organic P H 2 SO 4 -P Extraction from NaOH-P i fraction using 0.5 M H 2 S0 4
Sequential method by Hedley et al. (1994) , step 4, indicator of P associated with negatively-charged oxide surfaces through exchangeable cations & P held within oxide crystals external P efficiency are root traits related to P uptake. Subsequently, physiological characteristics will be discussed. Among these, traits are likely to be present that have relevance for internal P efficiency.
Plant architectural traits related to PUE For optimal uptake of P, root traits are obviously of importance. P deprivation usually leads to a higher root to shoot ratio and to changes in root architecture. An important contribution to scavenging the soil for P is root extension as the rhizosphere becomes quickly depleted of P and P repletion of this area by diffusion and mobilization usually does not keep pace with uptake. Moreover, P is often not evenly distributed in the soil. Several architectural changes are associated with higher PUE from roots. A higher number of lateral roots leads to improved possibilities of scavenging for P (Lynch 2007) . Several traits will minimize the carbon cost of producing these lateral roots, including a thinner and more elongated morphology and anatomical features such as less secondary growth of the stele and aerenchyma in the cortex . The increased lateral branching of the root is usually accompanied by a reduction of primary root development (Niu et al. 2013) . Increase in axial root lengths, without increased lateral branching, has also been found in maize and common bean, and has been interpreted as explorative behaviour for soil patches enriched in P where lateral root formation then would become functional (Richardson et al. 2011) . Modification of root hair growth can be achieved at relatively low carbon cost. Increased densities and lengths lead to increase P uptake capacity (Wang et al. 2004; Yan et al. 2004) .
Since the top part of soils is often richer in P, adaptations of root architecture that increase root density in the upper parts of the soil favour P uptake efficiency. This is achieved by a shallower growth angle of axial roots leading to a greater length of roots in the top soil. The legumes common bean and soybean can be selected for a higher basal root whorl number, that is, the side roots appearing in ''rings'' at the transition zone between shoot and main (tap) root (Lynch 2007 ). In addition, Wang et al. (2004) showed in soybean that root hair density and total length were higher in basal roots than tap roots while plant P concentration correlated positively with root hair density. They also showed a negative correlation between root hair density and average root hair lengths, which might be interpreted as a trade-off in terms of carbon use efficiency, that is, combining both high density and length for root hairs would be too costly in terms of carbon input. On the other hand, Yan et al. (2004) found both denser and longer root hairs in P-efficient genotypes of common bean. Apparently not all crops have the ability to increase root hair formation for increasing P uptake capacity. For example, onion mostly lacks this property (Itoh and Barber 1983; Liu et al. 2006 ). According to Ochoa et al. (2006) , in some crops it will be helpful to enhance adventitious root formation (roots originating from other tissues, such as stems, e.g. crown roots from basal stem nodes in maize). However, increased adventitious root formation may come at the cost of less lateral rooting (Walk et al. 2006) . Changes in the density and growth angle of lateral roots also increases scavenging capacity in the upper layer of the soil (Ao et al. 2010) . Predominance of root surface investments in the upper soil layer may however have a trade-off with water use efficiency, as water will usually be more abundant in deeper layers under water-limiting conditions (Ho et al. 2005) .
A special case are the proteoid roots (cluster roots: dense clusters of short side roots) found at low P in lupin and wild species of the Proteaceae family (Shane and Lambers 2005; Lambers et al. 2011 Lambers et al. , 2013 . These are also most prominent in the upper soil layer and are thought to be mainly effective by mobilising P through exudation of organic acids rather than by scavenging through root extension (Rath et al. 2010 , see also section on physiology below). Lupins combine this trait with an absence of mycorrhiza (with arbuscular mycorrhizal fungi (AMF), see further in section on mycorrhiza below).
Root architectural traits such as lateral branching and root hair density are clearly advantageous for PUE. However, monitoring these traits and using them for selection in breeding programs is certainly not straightforward. Various cultivation and phenotyping systems used for studying and monitoring roots are described in the section on phenotyping below.
Physiological traits related to PUE
As phosphorus is involved in many aspects of the plant's metabolism, a broad array of physiological traits is expected to be involved in PUE. Some of these improve P scavenging and uptake, e.g. by increasing transport capacity. Others promote a more economical use of P in plant growth, e.g. by optimising allocation within the plant. These strategies are often called external and internal PUE, respectively.
External PUE: traits related to P uptake For improving P uptake, root exudates are thought to assist in mobilizing P from fixed sources in the soil (Vance et al. 2003) . These exudates appear to be most effectively targeted to mobilizable P in the soil by the proteoid (cluster) roots in some lupin species (Rath et al. 2010) . The exudates include protons and organic acids, such as citrate, malate, and oxalate. P-efficient genotypes of common bean were shown to have significantly higher levels of acid exudation than inefficient genotypes . Although the exudates can reach levels in the rhizosphere that are theoretically effective for releasing P from soil particles, there is uncertainty about their effectiveness. For instance, diffusion may be limited and they are often not targeted to areas in the soil with the highest P levels as effectively as by the cluster roots, but along the whole root (Pearse et al. 2007; Richardson et al. 2011) . Organic acids can be quickly absorbed in acid soils and quickly degraded in calcareous soils (Wang et al. 2010) . Between plant species there is also variation that is apparently not consistent with their expected role, e.g. despite exuding citrate, pea was shown not to be able to mobilize P from AlP and FeP (Pearse et al. 2007 ). In addition, there may be alternative mechanisms of action. In acid soils, organic acids may not necessarily improve P uptake directly, but they could also be effective by providing protection from Al toxicity to root growth in turn indirectly improving P uptake through a better developed root system (Delhaize et al. 2009 ). Organic acid exudation will also affect microorganisms involved in nutrient mobilisation.
Hydrolytic enzymes, such as acid phosphatases and ribonucleases, are upregulated in response to low P and upon exudation are able to release P fixed in organic forms in the soil, such as phytate (inositol hexakisphosphate) (Vance et al. 2003) . For uptake of the P released, high-affinity transporters, transport proteins located in cell membranes, are important and are also up-regulated at low P.
Internal PUE: economical utilization of P in the plant Improving internal PUE will be leading to more resource-efficient use of P than just increasing uptake of potentially scarce P, which was extensively reviewed by Veneklaas et al. (2012) . A range of metabolic modifications is thought to be involved in internal P use efficiency. An important aspect is the effective mobilization of P within the plant, e.g. recycling P from mature/senescing plant parts to actively growing tissue and re-use of phosphate from vacuoles that have a buffering function in storing P when in excess of metabolic needs in the cytoplasm. Brassica cultivars with high PUE were shown to have efficient internal phosphate mobilization to active non-mature plant parts (Akhtar et al. 2008) . At high P, up to 75 % of P in leaves can be present as orthophosphate, most of which in the vacuoles (up to 85-95 % of cellular P, Akhtar et al. 2008) . Nevertheless, upon P limitation photosynthesis is quickly affected, so there are apparently limitations to mobilization of this stored P (Richardson et al. 2011 , also see below the effects of cytokinin signalling from the roots upon P limitation). Seedlings often depend on seed stores for P at early growth . At the same time, seed P levels are not necessarily optimal to consumers, particularly so as seed P is mostly in the form of phytate, which is poorly metabolized by humans and monogastric animals . Seed P concentrations have already been observed to have decreased with breeding efforts increasing harvest index (HI) in grains, but strategies aiming at improving PUE by drastically bringing down seed phytate levels often affect seed vigour. This may be compensated by targeted P fertilization, e.g. using seed coatings ). Phosphatases are not only involved in P mobilization in the soil (see section ''External PUE'' above), but also in internal re-allocation in the plant and the latter involves specific types of phosphatases (Duff et al. 1994) . Relatively little is known about specific internally localized phosphatases, but an example encoded by LaSAP1 was shown to be enhanced in expression by low P in roots of white lupin ). Likewise, high-affinity transporters also appear to function in internal P mobilization, i.e. specific transporter genes were shown to be upregulated in senescing tissues . Euphytica (2016) 207:1-22 5 Another strategy for internal PUE is adapting plant metabolism to a lower P requirement. One way is the replacement of phospholipids by sulfo-and/or galactolipids in membranes . Cell walls are also adapted in response to low P conditions, i.e. by increased synthesis of P-free polysaccharides, such as cellulose (Rao and Terry 1995; Byrne et al. 2011 ). Another way is bypassing Pi-or ATP-demanding enzymes and/or metabolic pathways. In carbohydrate metabolism, several phosphorylated intermediates are produced, such as triose-P (glyceraldehyde-3-phosphate) in the carbon-fixation cycle. Under low P, increased levels of starch in the plastids and sucrose in the cytosol at the cost of triose-P were observed in sugar beet (Rao et al. 1989; Rao and Terry 1995) . On the other hand, members of the plant family Proteaceae growing on extremely P-poor soils did not show lower levels of the phosphorylated intermediate glucose 6-phosphate as found in the model plant Arabidopsis and crop species like barley and spinach under P limitation (Sulpice et al. 2014 ). However, the highest amount of internal P is present in the rRNA pool and the Proteaceae species studied showed low levels of rRNA, particularly of plastidic rRNA, at early leaf growth as compared to Arabidopsis. Apparently, these Proteaceae economize on the production of proteins, including enzymes involved in carbohydrate metabolism, instead of on P-containing metabolites. As a consequence, leaf growth and building up the photosynthetic machinery is separated in time during leaf development, the net result being a relatively high photosynthetic PUE in these Proteaceae species (Sulpice et al. 2014) . Proteaceae also show far slower growth than crop plants, but elements from their economizing on P may be relevant as there are indications that e.g. Arabidopsis is not deploying the rRNA pool in young leaves efficiently under P stress (Sulpice et al. 2014) .
The delayed greening observed in Proteaceae was accompanied by a reddish or yellow leaf colour that could also be offering protection against high light or defence against herbivory (Sulpice et al. 2014) . Modulation of the phenylpropanoid pathway under P deficiency stress with the easily observable effect of anthocyanin accumulation, was expected to offer protection to photo-inhibitory damage as a consequence of P-limited photosynthesis in the review by Vance et al. (2003) . However, the precise role of anthocyanin accumulation under P limitation stress in plants is as yet unclear. For example, Henry et al. (2012) could not find consistent effects of anthocyanin accumulation in terms of improved photosynthesis or biomass production under P stress in maize and coleus. Furthermore, low P induces quick increases in potentially damaging reactive oxygen species (ROS) and higher ROS scavenging enzyme activities (Wan et al. 2010) , similarly to other abiotic and biotic stresses in plants.
Hormone and signalling pathways are important integrators of stress responses in plants and their role in P responsiveness is summarized amongst others by Chiou and Lin (2011) . Auxin and ethylene signalling is obviously associated with lateral root initiation, which is a pivotal response to low P as described in the previous section on plant architecture. Gibberellin counteracts auxin effects on lateral root formation. Cytokinin production is repressed at low P and cytokinin is known to inhibit P starvation-induced (PSI) genes. Low cytokinin also promotes root growth and the decline in export from roots leads to inhibition of shoot growth even when vacuolar P pools are not depleted. Veneklaas et al. (2012) hypothesize that PUE could be improved by adapting such signalling events to make more effective use of the shoot's P pool as for instance uncoupling of P deficiency and shoot growth could be attained with manipulating PHO1 gene expression in Arabidopsis. ABA is a major stress hormone, but it has not been shown to have clear effects in P responsiveness. The more recently identified strigolactones were shown to affect root architecture and to move up from roots decreasing shoot branching in interaction with auxin in response to P stress (Kohlen et al. 2011) . Strigolactones also promote mycorrhizal branching (cf. Ruyter-Spira and Bouwmeester 2012, see further section about mycorrhiza below).
Sugar signalling also interacts with P responsiveness. Decreased photosynthesis in response to low P leads to increased starch formation in shoots (Hammond and White 2011). In addition, sugar loading into the phloem is increased and thus allocated to roots, in turn increasing the root/shoot ratio and leading to activation of P-responsive genes . Even P itself likely works as a direct signal since the non-metabolizable Pi analog phosphite (Phi) also acts as a signal in P regulation in plants (Chiou and Lin 2011) . The inositol phosphate IP3/diacylglycerol (DAG) pathway, working through phospholipase C (PLC) and subsequent Ca 2? signalling, is an important pathway in stress signalling. It is likely involved in P responsiveness, but there is still little known about this (Chiou and Lin 2011) .
Many of these physiological responses are complex and difficult to assess for breeding purposes. Yet, some are relatively straightforward, such as the analysis of exudates in response to low P. The more complex traits have been targeted by genomics techniques, such as transcriptomics and metabolomics, which will be discussed in the following section on screening/testing methods.
Phenotyping: efficiently assessing plants for genotypic variation of PUE For successful breeding of P-efficient crops, highthroughput selection of optimal genotypes is needed. This will only be feasible when traits involved in PUE are identified that can be scored efficiently. Though field trials are the final judge of the superiority of new varieties, these trials are hampered by variability in environmental conditions, which can mask the genetic variation sought for. More controlled growing conditions will reduce this environmental variation and also enables to impose conditions that more clearly reveal PUE-related traits in the plants tested. Preferably, plants should also be grown in a manner that enables easy assessing of the traits. In the following sections, cultivation methods aimed at testing PUE traits are discussed, first the soil-based systems, followed by the water-based systems. Methods of trait assessment on plants are subsequently presented.
Screening/cultivation methods

Soil (solid)-based systems
Various methods have been developed that are targeted specifically to screening for PUE of plants and to dissect these traits into genetic components. The simplest experimental set-up is the use of pots in greenhouses watered by nutrient solutions with various levels of phosphate. In order to improve the representativeness of the pot medium for normal soil conditions, a reproducible slow release/diffusion-limited solid phase system was developed by Da Silva and Gabelman (1992) , which is based on adding phosphate pre-absorbed to activated alumina to pure quartz sand (Coltman et al. 1982) .
For improved monitoring of root-architectural characteristics, various refinements to container-based cultivation methods were implemented. Ao et al. (2010) described a mini-rhizotron consisting of silicon sand, through which Plexiglass access tubes were placed at 30 cm distance of each other and at a 30°a ngle to the soil surface. Root traits could then be recorded by moving an endoscope camera through the access tubes. Nagel et al. (2012) developed a robotic rhizotron system enabling automatic imaging of both roots and shoots, with a throughput rate of 60 rhizotrons per hour. Fang et al. (2009) managed to record the total root system in situ by combining a transparent root growth medium based on phytagel with 3D laser scanning.
Other refinements were aimed at the observation of specific types of traits, such as distribution of lateral roots and exudations from the roots into the (soil) medium. An example of this is the system of Liao et al. (2004 Liao et al. ( , 2006 , that uses containers divided into several compartments by Plexiglas perpendicular to the direction of taproot growth. This enables assessment of root characteristics across several soil layers (e.g. 0-1.5 cm, 1.5-6 cm, [6 cm) varying in P levels and availability due to Al binding. As discussed in the section on external PUE above, under field conditions, the upper soil layer is often the richest in P. Another example is the rhizosphere study container technique (RSC) of Zoysa et al. (1997 Zoysa et al. ( , 1999 consisting of 2 or 3 soil compartments separated by a 24 lm pore-diameter polyester mesh that retained the roots as a planar mat. At harvesting time, soils from each compartment can be sliced using freezing by liquid N2 (Kuchenbuch and Jungk 1982) . The slices from the compartment with the plant can be used to measure the root surface area, in particular the mat at the polyester mesh. The slices from the other compartment(s) can be used to measure P depletion or effects from root exudation in relation to the distance from the root planar mat.
Hydroponics: growing plants on water solutions
In hydroponics, plants are grown on a liquid medium, enabling controlled supply of nutrients directly to the roots and simple harvesting of the roots. Many studies were using relatively simple hydroponics systems based on aerated nutrient solutions with various levels Euphytica (2016) 207:1-22 7 of phosphate with renewal of the solutions at fixed intervals (e.g. Gong et al. 2011; Byrne et al. 2011 : perennial ryegrass, Beebe et al. 2006: common bean) . An example of an experiment using two levels of phosphate with onion is shown in Fig. 1 . One of the simple variants is the nutrient film technique (NFT, used in : this system uses a shallow stream of water with nutrients running through a gully; the plants are positioned in holes in the upper side and have their root mats in the stream partly exposed to air for optimizing oxygenation. As with the solid phase systems of the previous section, some studies used water-insoluble phosphate forms that should make the system more similar to the situation in the soil. This included the activated alumina system as described in the previous section (Yan et al. 2004: common bean) or variants such as Ca-P, Al-P, Fe-P, or phytate-P (Du et al. 2009) or Phosphal (Erro et al. 2010 : chickpea, lupin, maize). Liu et al. (2006) showed that such a P-binding system was overcoming a limitation of hydroponics, that is, the poor root hair development that is important to P uptake in soils (see section on plant architecture above). In their system, which is simply based on TCP (tricalcium phosphate), several crop species, including the usually poorly inducible maize, abundantly grew root hairs, with the only exception of onion, which normally is a poor root hair developer. For combining PUE studies with nodulation by nitrogenfixing Rhizobium in common bean, L'taief et al.
(2012) applied hydro-aeroponics. In this system, roots are hanging in a mist of nutrient solution, which improves access of roots to oxygen and nitrogen from the air. A more sophisticated hydroponics method is based on the Ingestad concept of supplying the nutrient under study in accordance with a crop-specific growth model thus keeping the extent of nutrient limitation as much as possible at a constant level throughout the various growth stages of a seedling. Most of the literature on hydroponics according to the Ingestad concept is addressing nitrogen (N) limitation (Ingestad and Lund 1986; Ingestad and Å gren 1995; Hellgren and Ingestad 1996) . Ericsson and Ingestad (1988) showed that hydroponics experiments with phosphorus (P) limitation can be performed similarly to the ones they performed using N limitation with birch seedlings. In the Ingestad concept the variation in PUE is more likely to be based on variation in internal PUE than in external PUE, as the scavenging capacity of the roots will hardly contribute to PUE, and the root architectural traits will have a different impact (most likely less) on plant growth at varying P availability in hydroponics than in soil. Screening/testing methods In order to compare PUE of plants, many studies performed a number of basic measurements that are relatively efficiently scorable on large numbers of genotypes, usually at seedling/young plant stages. As a rough measure of plant architecture, shoot and root fresh and dry weight, and tiller number in the case of grasses and cereals (Gramineae/Poaceae), were mostly determined. By including measurements of phosphorus levels in the plants, the two basic ways of plant P efficiency, external and internal PUE, could also be distinguished. For the external PUE, that is, uptake efficiency, the amount of P taken up by the plant is calculated as mg phosphorus per plant. This does however not include effects on biomass production per plant. Trolove et al. (1996) more specifically assessed amount of P taken up per unit root length. Internal PUE addresses metabolic efficiency and is calculated as the ratio of plant biomass produced per unit P: e.g. shoot dry weight (SDW) per mg phosphorus taken up (Trolove et al. 1996; Zoysa et al. 1997 Zoysa et al. , 1999 Zhang et al. 2009 ). Internal PUE may be difficult to disentangle from external PUE as higher tissue P may lead to lower PUE; so, some way of correcting for this or equalizing P acquisition should be employed . Further refinements were provided by Su et al. (2006) who used SDW/SPU (shoot P uptake) for internal P efficiency in wheat DH lines and Hammond et al. (2009) who evaluated shoot mass/unit P uptake variation in accessions and varieties of Brassica oleracea.
Roots are notoriously difficult to study due to their subterranean nature. Nevertheless, more and more, systems are developed and refined for monitoring root development and responses to the environment. To obtain more detailed information on root architecture, visual inspection or image analysis was applied on roots from hydroponics (e.g. Yan et al. 2004) or roots cleaned from soil (e.g. Liang et al. 2010) . In the latter case, there will always be some level of damage to the finer structures, but efficient methods have been developed even for field trials, such as ''shovelomics'': excavating a 40 cm diameter/25 cm depth soil cylinder at the plant base using a standard shovel, followed by brief shaking off soil, soaking in mild detergent and finally rinsing at low water pressure, all in all taking maximally 10 min for visually root scoring (Trachsel et al. 2011 , for maize and bean). This will not work well in heavy clay soils.
A basic laboratory method for observing root morphology is the 2D agar-based system for Arabidopsis using vertically placed petri dishes with the upper segment of agar removed to keep the shoot part free from the agar surface (Dubrovsky and Forde 2012) . PUE-related parameters to be assessed involve lateral root density (primordia and roots/primary root or branching zone length), preferably over a period of time encompassing several stages of seedling development. Shi et al. (2013) performed high-throughput assessments of primary and lateral root lengths, and lateral root density using high-throughput imaging of Brassica napus seedling root systems in flat agar trays and ImageJ software (Abràmoff et al. 2004 ). Wang et al. (2004) zoomed in on root hair traits, using WinRhizo image analysis software (Regent Instruments Inc., Canada) on images of 1 mm lateral root parts captured by a digital camera on a stereomicroscope. At an even more detailed level, Burton et al. (2012) developed software for high-throughput image analysis of root transections showing an example of roots of common bean and rice grown under low and high phosphorus using the sand/phosphorus-doped alumina system as Da Silva and Gabelman (1992) described in the section on screening/cultivation methods above. Parameters important to PUE at low carbon cost, such as the amount of aerenchyma and the stele diameter (see section on plant architecture above), could be quantified in this way.
As described in the section on screening/cultivation methods above, Fang et al. (2009) assessed root architecture in situ with a 3D laser scanning system achieving a precision of 0.1 mm with rice and soybean seedlings. For small plant species, such as Arabidopsis, this would be too low resolution. In addition, the scanning size was limited so that no larger and/or mature plants could be observed. A similar system was used by Ingram et al. (2012) to assess root traits in the grass Brachypodium distachyon. In this case, roots were growing in borosilicate cylinders containing Gelzan gum nutrient medium, and root images were captured every 18°around the whole circumference of the growth cylinder. In normal soils, X-ray computed tomography (CT) was tested but shows problems in overlapping values hampering distinction of roots from soil material. This has recently been tackled by a system of micro-computed tomography using visual Euphytica (2016) 207:1-22 9 tracking, called RooTrak. The usefulness of RooTrak was shown in maize, wheat and tomato in various soil textures (Mairhofer et al. 2012 ). Effects of roots on the external environment were monitored using hydroponics or the compartmented RSC system described in the section on soil-based screening systems above: H ? exudation, organic acid exudation or acid phosphatase exudation. For instance, Yan et al. (2010) found a higher level of acidification with the more P efficient plants of wheat in an RSC system. They did not find differences in the levels of acid phosphatases exuded.
Internal PUE is difficult to assess focussing on high-throughput, easily scorable phenotypic traits. An indication for mobilization efficiency may come from the observation by Ozturk et al. (2005) that wheat genotypes with relatively strong senescence symptoms in older leaves were producing higher biomass under P stress; these genotypes may have been mobilizing P more quickly from the older leaves. Akhtar et al. (2008) studied internal PUE on a number of Brassica cultivars by following the distribution of Pi and Po (organically bound P) among plant parts after P deprivation in hydroponics. They showed an association of higher biomass production with large Pi reserves at high P availability and fast Pi internal remobilization at low P to sustain Po homeostasis; at P stress, roots and young leaves were the most important sinks for Pi. A relatively efficiently scorable physiological parameter is leaf chlorophyll content, which is affected by P stress and can be measured in vivo using a SPAD meter (e.g. Wan et al. 2010; Cai et al. 2012) . Furthermore, metabolites can be measured in plant samples using e.g. GC-MS (Byrne et al. 2011 ) and ions using e.g. HPLC (Uwimana et al. 2012) . A more sophisticated technique was the imaging of ionic movements in plants using real-time radioisotope imaging systems (in this case 32 P) by Kanno et al. 2012 , which however appears to be too complex for efficient screening. Recently, a system using NMR or positron emission tomography provided very useful information, but would be even more difficult to apply in practice (De Smet et al. 2012) . Another promising development is in vivo phosphate tracking by fluorescent reporter proteins (Gu et al. 2006; Sun et al. 2008; review: Frommer et al. 2009 ), but this will also not be easily implemented in a high-throughput screening system.
Changes in gene expression in order to adapt to P starvation can also be indicative for strategies and traits that contribute to PUE. Whole transcriptome expression studies with micro-arrays have been used to discover genes that are responsive to changes in P in Arabidopsis, tomato, bean, maize, rice and wild mustard (Nilsson et al. 2010 ) and potato ). The next chapter will further elaborate on P-responsive genes.
Genetics and breeding for PUE
PUE shows large variation between species (Föhse et al. 1988 (Föhse et al. , 1991 . For instance, barley is generally less P efficient than maize and rice. Most importantly, it also shows considerable genetic variation within species (e.g. Ozturk et al. 2005; Hammond et al. 2009 ), which is the basis for further improvement by breeding. However, breeding for PUE is likely to be a complicated process due to the complexity of this trait and the influence of the environment. For instance, selection in alfalfa for plants with high P levels on P-deficient alkaline soil showed only little progress per selection cycle, but in this outcrossing crop species, this was confounded with inbreeding effects (Sain et al. 1994 ). Górny and Sodkiewicz (2001) used diallel hybrids from 5 or 6 barley inbreds that were evaluated at maturity and found mainly additive genetic effects for PUE, even more so than at the vegetative stage. In addition, narrow-sense heritabilities were relatively low under stress conditions. Furthermore, testing for P use efficiency in the field can be problematic because of the often large spatial heterogeneity of P availability in the soil. In studies on white clover, P use efficiency was found to be heritable under glasshouse conditions, but this turned out not to be the case under field conditions (Caradus and Dunn 2000) . On the other hand, successful selection for increased PUE was reported more recently for new soybean varieties, in this case by focussing on root architecture. In southern China, the new varieties outperformed existing varieties on acidic soils, which have low availability of P for plants (Wang et al. 2010) . Similar success was reported for common bean for Africa, Asia and South America (Lynch 2007) .
Classical breeding research has been greatly enhanced by recent developments in molecular techniques, such as marker-assisted selection (MAS) and genomics. This enables to also dissect complex quantitative traits into underlying genetic factors that can be localized on the genome, i.e. by utilizing genetic linkage maps based on DNA markers and statistically locating sites on these maps linked to desirable traits, quantitative trait loci (QTL). In the following section, QTLs reported for PUE will be discussed.
Genetic factors: QTLs
For many of the PUE traits discussed earlier, QTLs have been reported in different crops. Many of the genetic studies on PUE address highly quantitative traits, such as SDW and tiller number (TN) in wheat (Su et al. 2006) , grain yields in maize (Cai et al. 2012) and SDW, R(oot)DW and biomass/yield in soybean (Liang et al. 2010 , Zhang et al. 2009 ). Also, P contents were determined , for root and shoot separately, Liang et al. 2010 ). Furthermore, approximations of P uptake efficiency, such as shoot P uptake (SPU) as SDW 9 total P concentration (Su et al. 2006) or P acquisition efficiency as total P (mg)/plant) (Zhang et al. (2009) were calculated; likewise for internal PUE g dry weight/mg phosphorus taken up, was calculated by Zhang et al. (2009) . Using 152 RILs from a soybean cross, Zhang et al. (2009) detected a total of 34 QTLs for PUE-related biomass traits including a QTL cluster that accounted for 74 % of the phenotypic variation and that was coinciding with previously found QTLs for P and N efficiency. They also found a QTL cluster associated with increased acid phosphatase activity. In addition, 8 pairs of epistatic QTLs were identified on 12 linkage groups. In a later report, they added 13 QTLs related to grain yield under P stress: flower and pod abscission rates (FAR and PAR, respectively) . Among them was a major QTL for FAR explaining 32 % of phenotypic variation that co-localized with QTLs for PAR, and there were several QTLs colocalizing with QTLs for vegetative traits under low P found in earlier studies.
Root architectural traits, such as specific root lengths in common bean (Beebe et al. 2006 ) and lateral root length and density in maize (Zhu et al. 2005) and Brassica napus (Shi et al. 2013) were also analysed for QTLs under various P levels. Shi et al. (2013) detected 38 QTLs on 9 of the 19 chromosomes, including a cluster of highly significant biomass and lateral root number and root density QTLs on chromosome A03. This cluster co-localized with comparable traits on syntenic regions of the B. oleracea and Arabidopsis genome. At a more detailed level, root hair density and length were also analysed. In field trials on low P soil with 88 RILs from a soybean cross, Wang et al. (2004) showed root hair density to have a lower heritability than average root hair lengths. With 86 RILs from a common bean cross, Yan et al. (2004) also found relatively low heritabilities for root hair traits in hydroponics, except for some acid exudation characteristics. Nevertheless, they found 8 QTLs for root hair traits (density and length) and 9 QTLs for acid exudation characteristics. Three of these acid exudation QTLs co-localized with two P uptake efficiency QTLs identified in a field experiment at low P. For convenience, many studies used seedlings/ young plants, but there are also examples on mature plants assessing root hair traits, and flower and pod abscission in response to P stress in soybean (Wang et al. 2004; Zhang et al. 2010) .
QTLs for root exudates were reported by Yan et al. (2004) [acid (H ? ) exudation] and Cálderon-Vázquez et al. (Calderón-Vázquez et al. 2011) . QTLs for leaf area and chlorophyll content in maize at the silking stage were assessed by Cai et al. (2012) . They identified QTLs for both leaf area and grain yield under low P and a major QTL affecting chlorophyll content under low P in a genomic region at which QTLs controlling chlorophyll levels at an early growth stage had been reported before. Internal P efficiency traits clearly are more difficult to assess. Internal PUE is often inferred from general plant measurements and P contents. Using 73 wheat lines, Ozturk et al. (2005) showed PUE (ratio of shoot biomass development under low to that under adequate P supply) to be correlated with total shoot P content rather than with P concentration of shoots. Similarly, Sain et al. (1994) showed little success in selecting for PUE based on higher P concentrations in alfalfa plants grown on alkaline soils. These observations indicate that increased P uptake does not necessarily lead to more internal P-use-efficient genotypes. For highly P-efficient genotypes having low P concentrations, it could be concluded that they have an efficient use of P for biomass production.
QTLs for PUE could be put to use through introgression into elite varieties, although as yet this has hardly been done in breeding programmes (Vinod and Heuer 2012) . The QTLs could also be used to identify genes involved in PUE through map-based cloning, although still few QTLs have led to identification of underlying genes. QTLs for primary root length in B. napus co-localized with an Arabidopsis syntenic region (Block E) containing the LPR2 gene involved in arresting primary root growth in response to low P and the PRD gene involved in primary and lateral root elongation (Shi et al. 2013) . A recent example of a gene experimentally shown to be involved in PUE is PSTOL1 encoding a protein kinase in rice that was originally tracked through a major QTL, Sus1, from a traditional variety (Gamuyao et al. 2012) . Another interesting example in soybean is a QTL found both in a genome-wide association study (GWAS) and through linkage mapping, which led to the identification of a candidate gene encoding an acid phosphatase, GmACP1, that was subsequently shown to be involved in PUE . Genes related to PUE can also be traced using alternative methods, such as mutagenesis and gene expression microarrays.
Genes related to PUE
Using subtractive cDNA libraries (e.g. Tian et al. 2008) ; microarrays (e.g. Wang et al. 2002) and mutants in phosphorus utilization, a broad array of genes was identified that are responsive to P stress. Recent overviews related genes involved in PUE mostly found in Arabidopsis to homologues in crop species such as tomato, rice, and maize (Calderón-Vázquez et al. 2011; López-Arredondo et al. 2014) .
PUE-related genes include transcription factors, genes involved in signal transduction, hormone-responsive factors, metabolic factors (e.g. phosphatases) and proteins directly involved in P scavenging (e.g. acid phosphatases and high-affinity P transporters).
A gene that may act as a central regulator of the response to low P is PHR1/PHL1 (Chiou and Lin 2011; López-Arredondo et al. 2014) . This gene encodes an R2R3 MYB-CC transcription factor that binds to a P1BS element in Pi-responsive gene promoters in Arabidopsis. Orthologues of this gene were identified in rice and common bean. It has an effect on a wide array of traits: root architecture, P transport/allocation, anthocyanin production, and starch accumulation. Interestingly, PHR1 is involved in regulation of miR399, a microRNA acting as a shoot-derived longdistance signal towards roots, where it targets PHO2. Repression of expression of PHO2 in turn leads to P starvation responses, such as expression of highaffinity transporters. High affinity transporters encoded by the Pht1 gene family in Arabidopsis, such as PHT1;1 and PHT1;4 (Chiou and Lin 2011), are mainly responsible for P uptake in the rhizosphere; this family is also represented in crop plants. Thus, under low P conditions, 14 members are induced in soybean, 5 in maize and 4 out of a total of 13 in rice (López-Arredondo et al. 2014) . Pht1 genes are also expressed in other parts of the plant and so will be involved in remobilization of P within the plant. For instance, AtPT2 (PHT1;4), was shown to be induced in flowers and senescing leaves under P deficiency conditions in Arabidopsis by promoter-driven reporter gene studies (Karthikeyan et al. 2002) . Some Pht1 genes are specifically induced in mycorrhiza (see below section ''Breeding for PUE related to interactions with microorganisms''). An overview of genes related to PUE is given in Supplementary Table 1 .
Genes identified as related to PUE can be further functionally characterized by transforming them into other plant (species) or changing their expression in transgenic plants. In this way, valuable insights can also be gained for selection and/or marker development for classical breeding (e.g. Tian et al. 2012 ). An aluminium resistance gene ALMT1 from wheat was shown to confer improved P uptake when expressed in barley (Delhaize et al. 2009 ), and an Arabidopsis AVP1 H ? -PPase increased salt/drought tolerance of tomato and rice by promoting Na ? sequestration in the vacuole and osmoregulation (Gaxiola et al. 2011 (Gaxiola et al. , 2012 . The transgenic expression of AVP1 H ? -PPase also resulted in a larger root system, leading to improved plant performance under low P, including higher shoot and fruit yield.
Transgenic plants may also be directly useful for cultivar development when they perform well under agronomic conditions at low P availability and preferably also under conditions without P stress. These conditions may not always be met as PUE, like other abiotic stress-related traits, is complex and single gene effects may well be accompanied with trade-offs, particularly under situations of high P availability. For instance with the transgenic introduction of the DREB1A gene that confers drought and cold tolerance, it was necessary to put it under the regulation of a stress-inducible promoter to avoid negative effects on yield under normal growing conditions (Kasuga et al. 2004) . Pyramiding of several genes that contribute to PUE may lead to further improvement, but balancing expression levels for optimal effect may not be straightforward. As yet, no GM PUE crop variants have been reported to be in a commercial pipeline. A few examples of interesting transgenic approaches to improving PUE have been reported. López-Arredondo and Herrera-Estrella (2012) enabled Arabidopsis and tobacco to metabolize phosphite (PO 3 3-) by transforming them with a phosphitespecific oxidoreductase ptxD gene from Pseudomonas stutzeri WM88. As plants normally are not able to use phosphite for their P supply, this would enable this transgenic crop to outcompete weeds under phosphite fertilization. Phosphite could be administered as foliar fertilizer to prevent enrichment of soils for phosphitemetabolizing microorganisms, which could provide P in a plant-metabolizable form. At the same time, phosphite is reported to be helpful in controlling some pathogens, particularly oomycetes. The possibilities of using phosphite as an organic agent against pathogens has been reviewed by Bus et al. (2011) . Another interesting transgenic plant improved for utilization of an inaccessible P source was cotton expressing a phytase gene from Aspergillus ficuum with the root-specific promoter pyk10 from Arabidopsis myrosinase and an extracellular signal peptide from carrot ). This enabled the plant to excrete phytase from its root system and thus to utilize a significant part of the organic P in the soil which is present as phytate (=myo-inositol hexakisphosphate, amounting to 4-20, sometimes up to 40 % of P o in soils). Phytate strongly adsorbs to soil particles, precipitates with Fe/Al in acid soils and with Ca in alkaline soils. Therefore, it is not easily accessible to plants. In the field, it most likely is released by microorganisms (Richardson et al. 2011 ). Nevertheless, a soybean provided with an Arabidopsis PAP15 acid phosphatase (APase) coupled to an extracellular signal peptide from carrot showed enhanced exudation activity leading to a higher yield on low-P i acid soil or a sand/phytate mixture (Wang et al. 2010) .
Breeding for PUE related to interactions with microorganisms
The previous section already indicated the importance of soil-based microorganisms in the mobilisation of tightly bound P in the soil, such as phytate, making it available to plants (cf. Richardson et al. 2011; Bulgarelli et al. 2013 ). These microorganisms may be more or less associated with the rhizosphere; some show a more intimate relationship with the plant and are referred to as endophytes. An example of a fungal root-associated endophyte is the basidiomycete Piriformospora indica that appears to enhance P uptake of plants (Franken 2012) . Also endophytes occurring in shoots, such as the much studied clavicipitaceous fungus Neotyphodium in grasses, may impact nutrient use efficiency, including uptake in the roots, e.g. by promoting the production of exudates Omacini et al. 2012; McNear and McCulley 2012) . It is not yet clear whether there is a direct effect of these endophytes on nutrient status and reports in literature are sometimes contradictory (Franken 2012; Omacini et al. 2012; McNear and McCulley 2012) . The Neotyphodium endophyte has been shown to negatively interact with arbuscular mycorrhizal fungi that have a significant role in plant P nutrition (see further below) (Mack and Rudgers 2008; McNear and McCulley 2012) , although there are exceptions to this (Omacini et al. 2012) . Although the potential of using P status-enhancing microorganisms for plant growth improvement was reviewed (Richardson et al. 2011; Bulgarelli et al. 2013) , little has been published yet about improvement of plant nutrient efficiency by selecting for optimal genotype combinations of plant and rhizosphere microorganisms or endophytes, except for the arbuscular mycorrhizal (AM) fungi.
The mycorrhizal root interaction with AM fungi can improve P uptake capacity of plants as the fungal hyphae can greatly increase the volume of soil scavenged for P, particularly for species with poor root and root hair development, such as onion (see plant architecture section above). The P absorbed by the fungal hyphae is relatively quickly transported to the root cortical cells. The fungus obtains carbon from the plant, which in principle makes this a mutualistic interaction (symbiosis). The majority of plant species are capable of developing mycorrhizae with AM fungi, but members of the Brassicaceae and Chenopodiaceae (including crop species, such as Brassicas and beet) do not form mycorrhizae. Also specialists forming the so-called cluster roots such as lupin (see section on plant Euphytica (2016) 207:1-22 13 architecture above) often lack mycorrhizae. Low soil P availability and low management intensity (e.g. organic as compared to conventional cultivation) tend to lead to higher diversity of mycorrhizal communities (Verbruggen et al. 2012 ). This needs not always be the case. For instance, Galván et al. (2009) did not find consistent differences in mycorrhizal diversity between organic and conventional cultivations of onion.
The balance between plants and fungi in mycorrhizae is complex and there is large variation in performance between specific combinations of plant and fungal genotypes, including examples where plant growth is apparently hampered under mycorrhizal colonization ; under experimental conditions of high P in Kaeppler et al. 2000) . This can be related to the amount of P gained for the amount of C provided, but there may also be other more specific effects, such as the suppression of direct P uptake (DP) through the root(hair)s even at a low level of mycorrhization (and poor functioning of mycorrhizal pathway, MP, i.e. P uptake through the fungal hyphae) (Smith et al. , 2012 . Ecological functionality of mycorrhiza might also lie in increasing the plant's competitiveness without gains in shoot growth compared to a situation without AM fungus .
In breeding crops for PUE, plant fungal combinations should show significant gains in yield performance relative to the non-mycorrhizal state for the breeders' elite plant genotypes in actual field situations. An extreme example of yield gains from mycorrhiza that are not directly agronomically useful is the maize mutant lrt1, which is deficient in lateral root formation and shows a very poor PUE. This could be largely corrected by mycorrhiza, so the mutant clearly showed a high responsiveness to mycorrhiza, but as such it would not be a good basis for cultivar development (Sawers et al. 2008 ). It could be useful however to help in dissecting plant traits relevant for mycorrhizal responsiveness in such a manner that these traits could subsequently be successfully introgressed into the best performing plant lines in terms of yield. This could be a valuable research approach in view of the complex genotype x environment interactions discussed above. This is further elaborated in the following section on phenotyping and selection.
Phenotyping
As with phenotyping of PUE described in the section on screening/testing above, growth gains as a consequence of mycorrhization (mycorrhizal responsiveness) were assessed by measuring SDWs on a series of genotypes (Hetrick et al. 1996) . In view of the complex interactions between plant and fungal genotypes mentioned above, it may be difficult to disentangle responsiveness to AM fungi from other traits contributing to the plant's performance under nonmycorrhizal (NM) conditions, i.e. to assess variation positively linked to the symbiosis without sacrificing on yield performance already achievable under NM, and thus useful to breeding for mycorrhizal traits. As mycorrhizal responsiveness varies with P availability, its characteristics may only be well assessed by extracting parameters, such as (absolute) responsiveness, from a response curve based on plant growth at a range of P concentrations. In this way, Janos (2007) made a distinction between the plant's dependence (i.e. the lowest P availability at which NM plants can grow) and the plant's responsiveness (i.e. the growth difference with NM plants or the fungal effectiveness). However, for efficient screening of a breeding population this would be too labour-intensive. Sawers et al. (2010) expected Janos's responsiveness to be of higher value to improving cultivated plants' performance in terms of yield than his dependence as the latter may mostly represent the extent to which plants with basically poor PUE can be compensated by mycorrhiza (see the extreme example of the maize mutant lrt1 in the previous section). Thus, Sawers et al. (2010) developed linear models to separate these two types of variation, more specifically variation in common between M and NM (or NC, non-colonized) plants and variation specific to either the NM or M state. They used data on wheat from Hetrick et al. (1992) and maize from their own and Kaeppler et al. (2000) . Little mycorrhiza-specific variation was found in the wheat dataset, whereas more outliers expected to be specifically related to mycorrhizal plant performance, both positive and negative, were found amongst the maize lines. In the latter case, a maize line that responded negatively to mycorrhiza was identified that in subsequent tests showed little responsiveness across a wide range of P availability, whereas a positive maize line showed a shift to increased performance more specifically related to mycorrhiza under low P (also see QTLs below). Dissecting common and mycorrhiza-based genetic variation would appear to be even more problematic with the more AMF-dependent onion, which has a rather weak root system largely lacking root hairs (see section on plant architecture above), so likely a high mycorrhizal dependence. Galván et al. (2011) found relative mycorrhizal responsiveness (i.e. weight difference between mycorrhizal and non-mycorrhizal (NM) plants divided by the weight of NM plants for each plant genotype) to be unsuitable as breeding criterion for onion as it was negatively correlated with NM plant's biomass, in line with Sawers et al. (2010) . Instead, Galván et al. (2011) proposed average performance (AP) of mycorrhizal and NM plants as a selection index, as it was positively correlated with biomass of mycorrhizal and NM plants. In addition, they did not find support for a decrease of mycorrhizal responsiveness with modern onion varieties, which could allegedly be a consequence of selection for intensive cultivations where high P availability may be accompanied by poor mycorrhiza development. However, Galván et al. (2009) had already shown that mycorrhiza is also well developed and contributes to yield under high P in onion, which might be related to its poorly developed root system. Sawers et al. (2010) showed a decrease in mycorrhizal responsiveness for wheat cultivars when compared to older landraces, as concluded by Hetrick et al. (1992) based on relative responsiveness, to be also unlikely from their own modelling of data of Hetrick et al. (1992) described above. Similar conclusions as to no significant changes in mycorrhizal responsiveness were reached by a meta-analysis on cultivars of a series of annual crop species for the period 1981-2010 by Lehmann et al. (2012) .
Testing mycorrhizal responsiveness of plant genotypes is usually performed in pot cultures in the greenhouse. In addition, hydroponics experiments involving mycorrhizal plants were reported (Colpaert and Verstuyft 1999; Oseni et al. 2010 ), but in these cases, solid substrates, vermiculite or perlite, were used in combination with nutrient solutions analogous to the Ingestad approach described above (Ingestad and Lund 1986) . As with PUE of the plants themselves, molecular marker-assisted breeding and genomic methods have been applied to mycorrhizal crop studies. These are discussed in the following sections on QTLs and genes.
Genetic factors: QTLs and genes
Using 197 RILs from a cross between the maize inbreds B73 x Mo17 QTLs were identified, among which 3 for SDW under non-mycorrhizal conditions and low P and 1 for mycorrhizal responsiveness (Kaeppler et al. 2000) . Although the lines greatly differed in relative responsiveness, QTLs appeared to be more based on progeny variation in PUE under nonmycorrhizal conditions than on variation specifically related to mycorrhiza. This was elaborated by modelling in Sawers et al. (2010) , who opted for different combinations of lines for studying QTLs focussed on trait variation more specifically related to mycorrhiza than the ones used in Kaeppler et al. (2000) (see previous section). In an Allium cepa x (A. roylei x A. fistulosum) bridge cross, Galván et al. (2011) identified several QTLs for average performance (AP) across experiments in two years. There was a co-localization of QTLs for biomass, AP and mycorrhizal responsiveness at two sites, on chromosomes 2 and 3, respectively, and of QTLs for biomass, AP and the number of roots on linkage group 9 (this latter LG could not be linked to a specific chromosome for lack of suitable markers). Hetrick et al. (1995) used chromosomal substitution lines in wheat to locate genomic regions associated with mycorrhizal responsiveness. Several chromosomes from a responsive cultivar (Cheyenne) conferred a significant effect of mycorrhiza on dry weight to a non-responsive cultivar (Chinese Spring). Interestingly, one of the chromosomes (5B) coming from another non-responsive cultivar (Hope) also led to a significant mycorrhizal growth response in this nonresponsive cultivar. The apparent complexity of the genetic interactions between chromosomes were also evident from the distribution of mycorrhizal responsiveness among related species having either the wheat A, B or D genome. For instance, some B chromosomes were most effective in conferring mycorrhizal responsiveness, but the species believed to be most similar to the B genome ancestor of wheat, Aegilops speltoides, was not found to be responsive to mycorrhiza.
Specifically induced expression of phosphatases and P transporters in mycorrhizal plants has been reported, e.g. the high-affinity P transporter Pht1;4 in the leguminous model plant Medicago truncatula and its orthologue in the grass model plant Brachypodium distachyon (Hong et al. 2012) . Homologues were also reported for the cereal species rice, maize, barley and wheat. In rice, 10 Pht genes were expressed in roots, of which Pht1;2 and Pht1;6 were decreased under nonmycorrhizal compared to mycorrhizal condition, whereas Pht1;11 was induced in the mycorrhizal state (Sawers et al. 2008 ). This could be related to the apparent repression of the direct phosphate uptake pathway by the mycorrhizal pathway discussed above. An overview of genes reported is in Supplementary Table 1.
Summary and conclusions
PUE is a complex trait for plant breeding, with many potential interactions and trade-offs with other factors affecting crop yield, such as water use efficiency and energy balance (e.g. Jin et al. 2005) . PUE can however be dissected into traits that are more amenable to screening and selection. Among these are physiological traits, such as root exudation of acids and phosphatases enabling scavenging for P in the soil, and architectural traits primarily of the root. There are reports of successful development of PUE varieties for acid/P-fixing soils in the tropics and subtropics for common bean and soybean, by focussing on root architectural traits (Lynch 2007; Wang et al. 2010) . Important aspects of root architecture are the number and morphology of lateral root as well as their localization particularly in the often more P-rich top layers of the soil. In addition, root hair density and length are particularly helpful in absorbing P from soils.
Roots are notoriously difficult to study because of their subterranean localization. Nevertheless, cultivation methods that allow root phenotyping of germplasm for PUE have been developed, ranging from simple pot cultures to sophisticated hydroponics and systems enabling three-dimensional root evaluation or root activities in various soil compartments (e.g. top vs. deeper layers, or rhizosphere vs. bulk soil). In some of these systems, root architecture can even be observed in situ. Refinements, such as slowly releasing P carriers, have helped to make these systems behave more like soils in the fields, even the hydroponics. Still, in the soil, P is often highly heterogeneously distributed and therefore, PUE of plants is more difficult to assess and corroborate in the field.
With all these phenotyping systems, sets of genotypes have been assessed for a whole range of crops, such as maize, rice, barley, wheat, common bean, soybean and brassicas. Traits measured include those for root architecture mentioned above, but also shoot traits, such as leaf area, chlorophyll content, and flower and grain development. This has led to identification of genetic factors involved in these traits as QTLs. For instance, QTLs have been found for shoot/root ratio, total P uptake per plant and internal PUE (biomass per P taken up). Effectiveness of breeding approaches based on such traits and QTLs often still needs to be assessed under the complex and variable conditions in the field, but there are examples of QTLs co-localizing with QTLs for PUE in field trials. Some QTL studies were even performed directly in the field. Genes involved in P responsiveness of plants have also been identified, rarely from QTLs (see PSTOL1 above), more from mutants and microarray studies of gene expression, in several cases corroborated by plant transformation studies. In addition, several potentially interesting examples of direct applications of transgenic plants for improving crop production have been reported, although these still need to prove their value under more variable field conditions. Knowledge of the genes involved in P responsiveness could also be applied in markerassisted breeding approaches (MAB), allele mining etc., but few reports on that have appeared yet.
There are clear examples of trade-offs with improved PUE, such as carbon costs of large root and/or exudation systems, or a focus on root extension in higher soil levels at the expense of deeper layers for water use efficiency. Nevertheless, plants have been developed with apparently relatively little compromises with respect to other traits, such as PSTOL1 in rice in which enhancement of early root development also led to increased uptake of other nutrients and water. Another example is AVP1 in tomato with improved salt/drought tolerance accompanied by a larger root system that also enhanced PUE, and shoot and fruit yields.
Mycorrhizal symbiosis is another important opportunity for improving PUE, particularly the widespread type involving arbuscular mycorrhizal (AM) fungi. The AM fungi (Glomerales) are a difficult group to study, as they are obligatory biotrophs, so they cannot be studied separately from their hosts. Nevertheless, a lot of progress has been made in unravelling the interaction between AM fungi and plants, and the relevance for P acquisition of the host plant. It has also been proven amenable to the approaches described for identification of traits involved in PUE: phenotyping under more or less controlled conditions, and identification of QTLs and genes involved in mycorrhizal responsiveness. There are also specific complications: it may be difficult to select for elite plant and fungal genotype combinations consistently improving yields across a range of P levels in the field and to distinguish plant performance specifically due to mycorrhiza from that due to plant traits working without fungal colonization. Several ways of dissecting plant responsiveness to mycorrhiza have been reported. Furthermore, mycorrhizal performance in the field may even be more difficult to assess and predict from experimental work under controlled conditions than basic PUE traits of plants.
In conclusion, breeding for PUE appears to be feasible by dissecting it into traits amenable to genetic analysis and manipulation. For this, it is important to have a phenotyping system optimal for assessing root architectural traits, including P scavenging using root exudations and mycorrhiza. Apart from this external PUE, it will also be important to develop highthroughput methods to dissect the more difficult accessible internal PUE, as this will likely be more efficient, if only for working around the energyconsuming investments in P uptake capacity related to external PUE.
